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Abstract
Potassium nitrate exhibits a reentrant phase transformation, where a metastable
ferroelectric phase (γ -KNO3) is formed upon cooling from high temperature.
The layered structure of this ferroelectric phase is composed of alternating
layers of potassium ions and nitrate groups; wherein, a central nitrogen
atom is coordinated by three equilateral triangular oxygen atoms. The group
layer is located less than midway between the cation layers, giving rise to a
polar structure. From a structural perspective, the calcite phase of calcium
carbonate looks quite similar to this ferroelectric phase; however; it does
not exhibit a ferroelectric transition. In this work we have performed an
ab initio computational analysis to study the: structural stability, electronic
characteristics, and bonding of various phases and ferroelectric properties of
CaCO3 and KNO3. We find that both material systems have mixed covalent
and ionic bonding. The covalent interactions are within the group atoms of
carbonate and nitrate atoms while the ionic interactions occur between the
negatively charged (carbonate or nitrate) group and the calcium or potassium
cations. For the low temperature stable phase of CaCO3 (calcite), however, there
is a slight covalency between the cations and the oxygen atoms of the group.
This latter interaction results in the crystallization of CaCO3 in the calcite form
and prevents a ferroelectric transition. We suggest that, in analogy to KNO3,
a metastable form of CaCO3 may also exist, similar to the phase of γ -KNO3
that should have a spontaneous polarization equal to 30.6 μC cm−2, twice that
of γ -KNO3. Moreover, our analysis indicates that this material should have a
coercive field smaller than that of γ -KNO3.
(Some figures in this article are in colour only in the electronic version)
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1. Introduction
Ferroelectric potassium nitrate (KNO3) possesses many of the characteristics of an ideal
electrical switch: a true hysteresis field threshold, a squareness ratio often greater than 500, very
low permittivity, high resistivity and low loss, and a modest spontaneous polarization [1, 2].
Indeed, KNO3 was initially viewed as a candidate material from which to construct non-volatile
random access memory (FRAM) devices; with early efforts aimed at commercializing this
technology for defence applications. However, KNO3 has three significant shortcomings that
make it unsuitable for FRAM devices:
(1) the ferroelectric state near room temperatures and ambient pressures is unstable, leading
to a relaxation of the lattice to the non-ferroelectric aragonite phase;
(2) it melts at relatively low temperatures (337 ◦C) and is water soluble, making its deposition
and metallization difficult to integrate with IC processing;
(3) it contains potassium, which has high mobility in Si, further complicating its integration
with IC processing.
What has long been sought, therefore, is an analogous ferroelectric material that possesses
many of the electrical attributes of ferroelectric KNO3, but is not constrained by its physical
processing and compatibility limitations.
Ferroelectric KNO3 is one of the polymorphic forms of KNO3 and has been the subject
of many experimental [3–8] and theoretical [9–11] studies. The existence of the polymorphic
structures was first established by Bridgeman [12] and then by others [13, 14]. At ambient
temperatures and pressures KNO3 adopts the orthorhombic aragonite structure (α-phase or
phase II). When heated, α-phase undergoes a transition at 128 ◦C to a trigonal structure (β-
phase or phase I) that was earlier associated with the calcite structure [15], though it is now
agreed that this conclusion is incorrect [16].
Upon cooling from the β-phase, KNO3 does not transform directly back into the α-phase,
but another trigonal structure (γ -phase or phase III) that comes into existence between 124
and 110 ◦C. Further cooling causes a reversion into the α-phase. This γ -phase is ferroelectric,
with a spontaneous polarization along its c-axis [2]. Based on an early structural analysis [17]
of the γ -phase, Sawada et al [18] estimated the spontaneous polarization to be 11 μC cm−2,
which compares well with their own experimentally measured values of 8–10 μC cm−2, as
determined by hysteresis-loop and pyroelectric measurements. Ferroelectric behaviour was
also observed [1] at room temperature in thick KNO3 films, a consequence of the existence
of the metastable γ -phase. The measured spontaneous polarization for these materials was
3.5 μC cm−2, though the ferroelectric state was also unstable and vanished within a few
hours after formation. It is now accepted that, thick and thin film KNO3 exhibits ferroelectric
behaviour at much lower temperatures than bulk material, with transition time to the α-phase a
function of film thickness [8]. Indeed, it has been shown that for suitably passivated, and very
thin films of KNO3, the ferroelectric state may be maintained for several years; arguing for
its use in non-volatile memory elements were the material not sensitive to water and the high
mobility of the potassium ions would still not pose significant problems.
Molecular dynamics simulations of phase transitions, based on the potentials calculated
from the Gordon–Kim modified electron gas formalism [10, 11], reveal that both the α → β
and γ → β phase transitions are initiated by the nearly free rotations of the nitrate ions about
the c-axis which were seen as closely connected to the abnormal thermal expansion of the
c-axis. In a separate study, a technique was developed for performing simulations at constant
polarization in the context of first-principles calculations [9, 19]. This method was employed to
map the energy landscape as a function of polarization in γ -KNO3 [9], predicting a spontaneous
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Table 1. Crystal structure data of aragonite CaCO3, from [22].
Space group Pmcn (62)
Cell parameters a = 4.9598(5) Å, b = 7.9641(9), c = 5.7379(6) Å
Atom Wyckoff SOF x y z
Atomic positions
Ca 4c 1 0.250 00 0.585 07(5) 0.259 74(6)
C 4c 1 0.250 00 0.238 6(2) 0.414 8(3)
O 4c 1 0.250 00 0.077 0(2) 0.404 3(2)
O 8d 1 0.473 7(2) 0.319 6(1) 0.413 1(2)
Table 2. Crystal structure data of aragonite KNO3, from [23].
Space group Pmcn (62)
Cell parameters a = 5.4142 Å, b = 9.1654, c = 6.4309 Å
Atom Wyckoff SOF x y z
Atomic positions
K 4c 1 0.250 00 0.4166(1) 0.7568(2)
N 4c 1 0.250 00 0.7548(1) −0.0848(1)
O 4c 1 0.250 00 0.8902(1) −0.0893(2)
O 8d 1 0.449 2(1) 0.6866(1) −0.0849(1)
polarization of 16 μC cm−2, in disagreement with experimental results. This latter discrepancy
was, however, attributed to the smaller volume for the unit cell in the theoretical analysis. In
order to understand the effects of variations in lattice parameters on polarization, they had also
calculated the polarization for the γ -KNO3 crystal using its experimental lattice parameters
keeping the volume constant but only relaxing the atomic positions. In this case the calculated
spontaneous polarization was found to be 7.5 μC cm−2 which is closer to the experimentally
observed value. Thus, whatever the cell size, the atoms in the crystal structure relaxed to
new positions but maintained the crystal symmetry. Consequently, although the absolute value
of the polarization changed, the ferroelectric behaviour and switching mechanism are not
expected to be different. Furthermore, in this study, a double-well potential was obtained for
the dependence of energy of the ferroelectric phase on polarization. The change of polarization
from negative to positive was found to be due to the movement of the NO3 group of atoms
parallel to the c-axis, and was accompanied by a 60◦ rotation of the group in their plane.
The ionic polarizabilities of NO−3 in KNO3 [20] and CO
2−
3 in CaCO3 [21], based on the
point dipole model, were calculated to be very close to each other and it was conjectured
that [21] CaCO3 might also be ferroelectric. In addition, the similarity of the structures of
KNO3 and CaCO3, gives rise to the intriguing questions: What would be the properties of a
ferroelectric phase of CaCO3, and how might we identify it experimentally? Such a material
would be an ideal ferroelectric memory material since CaCO3 is: not water soluble, has no
mobile ion species and would undoubtedly have low dielectric constant compared to perovskite
oxides.
The aragonite structure is common to both the KNO3 and CaCO3 compounds which have
an orthorhombic space group Pmcn, with only slight differences in the representation of their
atomic positions. In tables 1 and 2, the experimental data for CaCO3 [22] and KNO3 [23] in
their aragonite forms, respectively, is given and the corresponding crystal structures can be seen
in figures 1(a) and (b). The volume of the KNO3 in the aragonite is approximately 30% larger
than CaCO3 aragonite. Another difference is that aragonite is the stable phase of KNO3 at room
temperature, whereas it is a high pressure polymorph of CaCO3. The stable room temperature
3
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Figure 1. Experimental crystal structure views of CaCO3 (a) aragonite, (c) calcite and KNO3 (b)
aragonite, (d) γ -phase.
Table 3. Crystal structure data of calcite CaCO3, from [24].
Space group R3̄c
Cell parameters a = 4.988(2) Å, c = 17.068(2) Å
Atom Wyckoff SOF x y z
Atomic positions
Ca 6b 1 0 0 0
C 6a 1 0 0 0.25
O 18e 1 0.257 00(6) 0 0.25
phase of CaCO3 is calcite, while naturally occurring aragonite CaCO3 can remain in this
metastable form for millions of years, suggesting that other metastable phases may likewise
be long lived. Calcite has a trigonal lattice in the R3̄c space group with the experimental lattice
parameters [24] given in table 3, with a crystal structure shown in figure 1(c). There are several
experimental and theoretical studies [25, 26] regarding the phase transitions in this system for
the understanding of the geochemical cycle of carbon. In table 4, the experimental crystal
structural data [16] is provided for the γ -phase of KNO3 (space group R3m, see figure 1(d)).
First principles density functional theory (DFT) calculations have long being used in the
field of condensed matter physics and materials science for the understanding of phase stability
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Table 4. Crystal structure data of γ -phase KNO3, from [16].
Space group R3m (160)
Cell parameters a = 5.487(1) Å, c = 9.156(3) Å
Atom Wyckoff SOF x y z
Atomic positions
K 3a 1 0 0 0.0000
N 3a 1 0 0 0.405(6)
O 9b 1 0.131(2) −0.131(2) 0.434(3)
and transitions, electronic and crystal structure determination, phonon dispersion relations,
elastic constant estimation and for predicting the properties of heretofore unknown materials.
For ferroelectrics, expressions determining the dielectric and piezoelectric tensors have been
a mainstay of such theoretical calculations. Born effective charges (BECs), polarization
assessment and its derivatives have utilized density functional perturbation (DFPT) [27]
calculations but subsequently transitioned to a modern theory of polarization using Berry
phase formalism [28, 29]. The calculation of a macroscopic polarization as a Berry phase is a
standard feature in many electronic structure codes like ABINIT [30]. ABINIT is a planewave
pseudopotential DFT code, a common project of the Université Catholique de Louvain, Corning
Incorporated, and other contributors. The applications of these techniques for the understanding
of ferroelectric behaviour in materials were summarized in recent review articles [31, 32].
2. Methodology
In this study, we investigated the stability of various forms of CaCO3 and in KNO3 and
determined the electronic structure of those phases using SIESTA [33, 34], a pseudopotential
self-consistent DFT code with local orbital basis. Local density approximation (LDA),
was assumed for the exchange correlation functional and Troullier–Martins [35] types of
pseudopotentials were generated, where for the alkali elements semi-core states were also
treated in the valence including partial core corrections. The double zeta basis set was used
in the calculations along with the 300 Ryd mesh cut-off for the grid. In the calculations of
KNO3, polarization orbitals were also included in the basis set. Brillouin zone sampling of the
crystal structures were made by a Monkhorst–Pack mesh 16 × 16 × 16, 10 × 10 × 10, and
12 × 8 × 12 k-points for the γ -phase, calcite and aragonite structures, respectively.
In addition, by using the Berry approach and the method of Souza et al [36] to calculate
the exact ground state of an insulator in the presence of an electric field, as it was implemented
in the ABINIT package by Veithen et al [37], we have calculated the optical dielectric constants
and BEC tensors in these compounds. Finally, the dependence of crystal energy in the
aragonite, calcite, and γ -phase compounds on the polarization was mapped by an approximate
method developed by Sai et al [19] as was also implemented in the ABINIT package. For the
calculations within the LDA, the Fritz–Haber-Institute pseudopotentials [38] were used as they
are distributed in the ABINIT package and the wavefunctions were expanded in plane waves
up to a kinetic energy cut-off of 35 Ha and the Brillouin zone was sampled using a 6 × 6 × 6
Monkhorst–Pack mesh of special k-points for all systems investigated.
The structures given in tables 1–4 for CaCO3 and KNO3 were set up (primitive cell
parameters in the rhombohedral setting were used for the hexagonal structures) and entered
into the SIESTA code. They were allowed to fully relax according to the atomic positions and
cell parameters with an accuracy of 0.01 eV Å
−1
for forces and 0.5 GPa for stresses.
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Table 5. Relaxed lattice parameters of CaCO3 in aragonite, calcite, and γ -phase structures.
Aragonite Pmcn
Total energy per unit formula −2067.234 eV
Cell parameters a = 4.896 Å, b = 7.878 Å, c = 5.399 Å
Atom Wyckoff SOF x y z
Atomic positions
Ca 4c 1 0.25 0.5853 0.2624
C 4c 1 0.25 0.2366 0.4134
O 4c 1 0.25 0.0714 0.3983
O 8d 1 0.4805 0.3213 0.4099
Calcite R3̄c
Total energy per unit formula −2067.351 eV
Cell parameters a = 4.981 Å, c = 15.902 Å
Atom Wyckoff SOF x y z
Atomic positions
Ca 6b 1 0 0 0
C 6a 1 0 0 0.25
O 18e 1 0.2627 0 0.25
γ -phase R3m
Total energy per unit formula −2066.959 eV
Cell parameters a = 4.927 Å, c = 7.426 Å
Atom Wyckoff SOF x y z
Atomic positions
Ca 3a 1 0 0 −0.0093
C 3a 1 0 0 0.4354
O 9b 1 0.153 −0.153 0.4286
3. Structural results
The resulting lattice parameters and total energies per unit formula are provided in tables 5
and 6 for CaCO3 and KNO3, respectively. As can be seen from the total energies given
in table 5, our calculations predict the calcite structure as the ground state of CaCO3. The
aragonite structure is the next most stable phase, and finally the least stable phase is the γ -phase
which actually does not naturally exist in nature. The ground state analysis for KNO3, however,
reveals that the γ -phase rather than aragonite is more stable by an amount of approximately
0.021 eV per unit formula, although aragonite is the stable room temperature phase of KNO3.
This may be because of the relatively loose packing of the ions along the c-direction in both
crystal structures, such that during the static optimization of the cell and the atomic parameters,
a short c-axis arises. Such static calculations are carried out at 0 K, where the kinetic energy
effect due to finite temperatures is zero. Similar results have been obtained in the literature. For
example, Dieguez and Vanderbilt [9] reported that there is approximately 14% shortening of the
KNO3 structure, while Lu and Hardy [11] calculated a c lattice parameter approximately about
11% smaller than the experimental values. Similarly, a decrease of approximately ∼10% in the
c-axis was also observed for the aragonite phase [11]. In CaCO3, however, the shortening of
the c-axis was found not to be as drastic because the ions are more packed along the c-direction
compared to KNO3. Therefore, relaxation of KNO3 in the aragonite and γ -phase with its loose
packing may result in the abnormal reduction in the c-axis lattice parameter that gave rise to a
discrepancy in the ground state analysis. However, a single point calculation optimizing only
the electronic degrees of freedom, in the experimental lattice parameters of KNO3, yielded a
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Table 6. Relaxed lattice parameters of KNO3 in aragonite, calcite and γ -phase structures.
Aragonite Pmcn
Total energy per unit formula −2019.050 eV
Cell parameters a = 5.265 Å, b = 8.874 Å, c = 5.534 Å
Atom Wyckoff SOF x y z
Atomic positions
K 4c 1 0.25 0.4182 0.7584
N 4c 1 0.25 0.7569 −0.1173
O 4c 1 0.25 0.8988 −0.1236
O 8d 1 0.4576 0.6858 −0.1172
Calcite R3̄c
Total energy per unit formula −2018.787 eV
Cell parameters a = 5.373 Å, c = 17.578 Å
Atom Wyckoff SOF x y z
Atomic positions
K 6b 1 0 0 0
N 6a 1 0 0 0.25
O 18e 1 0.2339 0 0.25
γ -phase R3m
Total energy per unit formula −2019.070 eV
Cell parameters a = 5.266 Å, c = 7.833 Å
Atom Wyckoff SOF x y z
Atomic positions
K 3a 1 0 0 0.0074
N 3a 1 0 0 0.4236
O 9b 1 0.1380 −0.1380 0.4214
stable aragonite phase by an amount of 0.93 eV, compared to the γ -phase. Finally, the calcite
structure was found to have the highest energy, as expected, since there is no such KNO3
polymorph.
A large anisotropy in the thermal expansion of KNO3 and CaCO3 is observed
experimentally and is also consistent with dynamic simulations. Liu et al [25], for example,
performed molecular dynamics (MD) simulations of structural phase transitions in calcite–
CaCO3. They observed that, as temperature increases, the carbonate group starts to rotate
around the triad axis associated with the abnormally large expansion in the c direction,
consistent with the experimental finding of Dove and Powell [39]. This behaviour was
attributed to the coupling of group rotation to the translation parallel to the triad axis in which all
groups are correlated to each other. Similarly, Lu and Hardy [11] investigated phase transitions
in KNO3 using first-principles MD. They found that the c lattice parameter of aragonite KNO3
at 0 K was shorter than the experimental value; but the disagreement was reduced by 3.6%
as the temperature was raised to 300 K. The thermal anisotropy in aragonite KNO3 was
experimentally observed by Nimmo and Lucas [16, 23]. They found that as the temperature
changed from 25 to 100 ◦C, the c-axis increased by 1.28%. Similar behaviour was found for
γ -KNO3 in the MD simulations of Lu and Hardy [11]. Heating γ -KNO3 from 140 to 180 K
using MD resulted in the c-axis being increased by 8.9% while a-axis decreased by 1.9%. They
stated that these structural transitions are initiated with the rotations of the nitrate groups.
After the full relaxation of ionic positions and cell volume, without the symmetry
constraints of the crystal structures of the phases, the C–O and N–O distances in CO3 and
NO3 groups, respectively, have almost the same values regardless of the crystal structure. The
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C–O distance was calculated to be 1.30(5) Å for the aragonite, calcite, and γ -phases of CaCO3,
whereas the N–O distance is 1.25(8) Å for all phases of KNO3. These calculated distances
agree quite well with the experimental values in their most stable structures; 1.282 and 1.273 Å,
respectively, with a discrepancy of less than 2%. In order to determine whether the relaxed
structures have the relative symmetries of the crystal structures studied in this paper, we have
used the FINDSYM software of Stokes et al [40], which is a computer program that finds all of
the symmetry operations existing and then identifies the space group of the input structure. The
relaxed structures, cell vectors and coordinates of atoms, were input to FINDSYM and accuracy
was set to 0.001. It was found that, after relaxation the symmetry and thus the space group
for all structures were not destroyed within the specified accuracy value. Another structural
criterion, is the arrangement of the atoms in these groups. In the experimental description of
the calcite–CaCO3 structure, C and O atoms constitute a plane normal to the c-axis, whereas
in γ -phase KNO3 the N atom is not in the plane formed by three oxygen atoms, but displaced
out of it along the c-axis by 0.266 Å. In our calculations, however, an almost planar NO3
group geometry was obtained, where the out of plane displacement is only about 0.02 Å.
Similarly, in the case of γ -CaCO3 a planar arrangement was obtained with a displacement
∼0.05 Å. Considering the arrangements of these groups in the crystal structures of calcite
and γ -phase, they lie in the a–b plane with Ca or K ions being exactly above and below the
centre of the carbonate or nitrate groups, respectively. Relaxation of the calcite structure in
both compounds yielded an exact halfway location for the negatively charged group between
the positively charged ions. In the γ -phase structure of both compounds, however, the groups
are not located at halfway, thus giving rise to a spontaneous polarization along the c-direction.
4. Electronic structure results
The electronic density of states (DOS) plots for the compounds studied are given in figure 2,
where the Fermi energy was shifted to zero as reference. Both CaCO3 and KNO3, in all their
structures, were found to be insulators. The band gap energies were calculated to be 2.88,
3.93, and 3.30 eV in CaCO3 for the aragonite, calcite, and γ -phase structures, respectively.
We note here that DFT calculations typically underestimate the band gap. The corresponding
calculated band gaps for KNO3 are 1.68, 2.03, and 2.10 eV. In all structures of KNO3 compared
to CaCO3, the states lying below the Fermi energy are split with a narrower dispersion of the
energy states. In terms of the effect of crystal structure, there seems to be a larger extent of
molecular hybridization in the aragonite structure that causes wider energy dispersion for the
states. In addition, by analysing the partial density of states (PDOS), according to angular
momentum components as given in figures 3 and 4, one can deduce that both top of the valence
and bottom of the conduction bands are mainly of p type, almost irrespective of the crystal
structure. The lower energy states around −8 eV were found to have a mixed character of p
and s, which are due to C/N and O atoms in the structure, characterizing the s–p overlap.
Furthermore, the PDOS plots according to the angular momentum on an elemental species
basis are given in figures 5 and 6 for the calcite structures only, where for the other structures
studied, almost an identical picture was obtained in terms of elemental contributions to all states
within each compound. In KNO3 the lowest lying energy state shown is due to p states of K
mixed slightly with the p orbital of O. Correspondingly, in CaCO3, there is such a mixture
of p orbitals of Ca and O but this time also with s of O, and the mixture is moderate. This
state, therefore, lies several eV below that of KNO3 and is not shown in the PDOS plots.
In both compounds, the valence band is predominantly composed of O 2p orbitals while the
conduction band is composed of a mixture of C/N 2p and O 2p orbitals. By performing a
local density of states (LDOS) calculation, in an energy window specific to highest occupied
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Figure 2. Total DOS of CaCO3 and KNO3 in all
studied crystal structures.
Figure 3. Angular momentum specific partial DOS of
CaCO3 in all studied crystal structures.
(HOMO) and lowest unoccupied (LUMO) molecular orbital states, the nature of the orbital
picture is clarified in these compounds. In figure 7, LDOS figures for CaCO3 (calcite) and
KNO3 (calcite and γ -phase), not only specific to HOMO and LUMO but also for other low
9
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Figure 4. Angular momentum specific partial DOS of
KNO3 in all studied crystal structures.
Figure 5. Angular momentum specific partial DOS of
calcite–CaCO3 on an elemental basis.
energy lying states, are given on the real space grid. The energy windows for these LDOS
figures were set specifically for the peaks in the total DOS plot given in figure 8. In these
figures, states located only around the carbonate or nitrate groups are shown, since they are the
10
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Figure 6. Angular momentum specific partial DOS of calcite–KNO3 on an elemental basis.
only ones corresponding to the specified energy windows. It can clearly be seen now that for
both compounds in all their possible crystal structures, p orbitals of O and C/N aligned along
the c-axis of the crystal constitute the LUMO, in an anti-bonding π∗ type of interaction, see
figures 7(a1), (b1), and (c1). In HOMO, however, there are only p orbitals of O, which are
aligned in a triangular manner constituting the non-bonding orbitals, see figures 7(a2), (b2),
and (c2). In these orbitals, only excess p electrons of O reside and give rise to the mainly
ionic interaction with the cation. Going down to lower energy states, there appear to be several
differences between the bonding patterns of CaCO3 and KNO3. However, considering the effect
of structure (calcite or γ -phase) on bonding in each compound, one can see that in KNO3 there
is almost no difference. Although the γ -phase was not shown explicitly in figure 7 for CaCO3,
the same principles apply for this compound with the exception that HOMO states are slightly
different. The main difference between CaCO3 and KNO3 seems to be due to the low lying
bonding and anti-bonding states. In CaCO3, the bonding is σ type and it is between O p, s and
C p orbitals, figure 7(a4). In KNO3, in addition to the above, there is one more type of bonding
which is of π type and it is between O p and N p orbitals, figures 7(b5) and (c5). In terms of
anti-bonding orbitals as shown in figures 7(a6), (b6), and (c6) in CaCO3 it is of σ ∗ type between
O p and C s, and in KNO3 it is again of σ ∗ type between O s and N s. Nevertheless, this will
result in the covalent bond being somewhat stronger between N and O than the one between
C and O. This actually shows itself in the bond lengths, N and O being slightly closer to each
other compared to the C–O distance in any structure.
In figure 9, an electron density difference (self-consistently calculated electron density in
the unit cell minus the superposition of the atomic charges) plot is provided for calcite CaCO3.
Almost an exact picture was obtained for other structures and for KNO3 as well. The main
11
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Figure 7. LDOS in the real space grid for (a) calcite–CaCO3, (b) calcite–KNO3 and (c) γ -phase
KNO3, where the energy windows were set to the specified states, shown as peaks in total DOS
given in figure 8.
features that appear in this figure are the depletion of electrons from carbon in the angular
regions between C–O directions and also from O in the region pointing towards C. There is
also a charge accumulation around C in the region pointing towards O and also around O in
regions aligned in a triangular manner, forming a two lobe shape which depicts the bonding
pattern of the carbonate group as it is seen in figures 7(a2), (b2), and (c2). A similar picture was
also obtained in the literature for calcitic MgCO3 [41] and CaCO3 [42] compounds.
The analyses of the electronic structures in terms of the bonding and anti-bonding states
show clearly the mixed ionic and covalent bonding in both CaCO3 and KNO3. Within the
carbonate or nitrate groups strong covalent bonds are formed which then ionically interact with
the cations. A DFT study confirms [43] the ionic calcium–carbonate interaction and also shows
that the charge on Ca is somewhat less than two.
The bonding picture given above, however, does not reveal much about the origin of
ferroelectricity in γ -phase KNO3 nor the reason why it is not observed in calcite–CaCO3.
The studies, especially on ABO3 perovskites, however, show that ferroelectric instability is
very much related to the orbital hybridization between metal and oxygen orbitals. Thus there
is some covalent character in bonding, yielding a second-order Jahn–Teller distortion. If the
bonding in an ideal cubic perovskite were entirely ionic it would remain centrosymmetric,
resulting in a non-ferroelectric behaviour. However, it is such that with Jahn–Teller distortion
the symmetry of the structure is reduced and mixing of the bottom of the conduction band
and the top of the valence band takes place which are initially of non-bonding character. This
12
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Figure 8. Total DOS of compounds specifying the states labelled as peaks that are used in LDOS
analysis.
results in the valence and conduction band becoming more of bonding and anti-bonding type,
respectively, giving rise to a widening of the band gap [44]. This ligand field stabilization
mechanism was studied within DFT in perovskite BaTiO3 [45] and in trigonal LiNbO3 [46],
where the ferroelectric distortion was ascribed to metal d–oxygen p covalent hybridization.
However, the main bonding interactions in CaCO3 and in KNO3 are between C/N and O atoms.
It appears that the states constituting HOMO and LUMO have a minor role or possibly no role
in the ferroelectric behaviour observed in γ -phase KNO3, since there is almost no difference in
these, within the structures studied, not only in KNO3 but also in CaCO3.
The interaction between the carbonate/nitrate group and the cation, Ca or K, can be thought
to be purely ionic and is expected to be due to oxygen p constituting the HOMO and the
cation itself. Several studies [41, 42], however, have indicated the slight covalent nature of
the bond between Ca/Mg and O in calcite/magnesite. This may have a significant role in the
non-ferroelectric character of the calcite structures. We, therefore, performed Mulliken charge
population analysis on the overlapping orbitals between nearest neighbour atoms. The results
are given in table 7. It is again seen that irrespective of the crystal structures studied, the main
charge overlap is between C/N and O atoms in CaCO3/KNO3 compounds. The charge overlap
is of bonding nature and it is around 0.41 and 0.53 eu for CaCO3 and KNO3, respectively,
constituting the strong covalent bond between the species in the carbonate or nitrate group.
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Figure 9. Difference in electron density between crystal and atomic superposition in the carbonate
group of calcite CaCO3, showing the transfer of charge between carbon and oxygen atoms. Light
(green) and dark (blue) colours indicate the accumulated and depleted regions of electronic charge,
respectively.
Table 7. Mulliken population analysis in electron units in the regions of overlapping nearest
neighbour atoms.
Phase CaCO3 KNO3
Ca–O C–O K–O N–O
Aragonite 0.127 0.422 0.102 0.534
Calcite 0.152 0.412 0.131 0.540
γ -phase −0.017 0.414 −0.012 0.533
The overlap charge for a Ca/K and O pair, however, was found to be dependent on the crystal
structure. For both the aragonite and calcite structures there is a considerable amount of charge
accumulation (more than 0.1 eu) in the region between Ca/K and O. On the other hand, in the
γ -phase there is a very slight anti-bonding character, which is due to charge depletion in the
region between those species, indicating a stronger ionic type of interaction. This is apparently
related to the differences in the arrangement of cations and carbonate and/or nitrate groups in
the unit cells of these crystal structures. In a calcite structure, each cation is surrounded by
six O atoms forming perfect corner sharing octahedrons, whereas in aragonite and γ -phase
structures, the coordination is ninefold, see figure 10. The symmetry of the polyhedral shapes,
however, is very different. In the aragonite structure it is quite complicated, whereas in the γ -
phase structure each cation is sandwiched between planes formed by a network of O atoms.
In the top plane of this polyhedral shape each cation resides with the O atoms arrange in
an irregular hexagonal network, while in the bottom plane there is an equilateral triangular
arrangement. It should be also noted that the vertical distance between the cation and the bottom
triangular oxygen plane is approximately three times greater than the vertical distance from the
top oxygen plane; although the interatomic distance between the cations and any bottom plane
oxygen is shorter than the distance to any top oxygen plane. For example, in the relaxed γ -
phase KNO3 distances are 2.66 and 2.72 Å for potassium—bottom and top plane oxygen atoms,
respectively. In calcite KNO3, however, the six-fold interionic distance is 2.57 Å. Because the
Mulliken population strongly depends on the choice of the basis set, confirmation of covalency
between the oxygen and the cation requires that the charge densities be calculated and contour
14
J. Phys.: Condens. Matter 19 (2007) 496210 M K Aydinol et al
Figure 10. Oxygen coordination of cations in (a) aragonite, (b) calcite, and (c) in γ -phase structures.
Figure 11. Charge density contour plots in crystal planes containing the shortest K and N atoms in
(a) calcite and (b) γ -phase structures of KNO3.
plots constructed as shown in figure 11, though they are only shown for KNO3 in calcite
(figure 11(a)) and γ -phase (figure 11(b)) structures over crystal planes that contain potassium
and oxygen atoms separated by the shortest distance. In the calcite structure, there is slightly
more charge accumulation at the centre of the line connecting K (Ca) and O than the one in
the γ -phase, which are 0.026 (0.045) eu bohr−3 and 0.017 (0.023) eu bohr−3, respectively. The
large discrepancy between the experimental and relaxed c lattice constants in structures may,
however, make suspect the above conclusion. We therefore calculated the charge densities
in calcite–CaCO3 and γ -KNO3 at their exact experimental structures, to determine whether
the nature of the Ca/K–O bond changes compared to the relaxed condition. We found that
the maximum value of the electronic charge at the centre of the bond between the constituent
atoms did not change. However, the spatial distribution was found to be a little narrower.
The difference in the Ca–O bond length between the experimental and relaxed structures came
out to be only 3.1% in calcite–CaCO3, the experimental value being larger. In γ -KNO3 the
difference is more pronounced at 7.2%. Therefore, atoms being at the experimental positions,
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Table 8. Stacking sequence of species along the c-axis of the crystal structures studied. ⊕ and 
represent the cation and the carbonate or the nitrate group, respectively. A, B, and C represent the
usual positions for stackings in the triangular layers of atoms, whereas P and Q represent the corner
and face centre positions of a rectangle, respectively. − and ∧ represent the accompanied rotations
of the groups around their normal axis as they are stacked, which are 0◦ and 60◦, respectively.
Phase Cation–Group Cations only Groups only
Aragonite ⊕–– ABAB ∼Triangular P−Q∧P−Q Rectangular
∼Non-planar Planar
Calcite ⊕– ABCABC Triangular A∧B∧C∧A∧B∧C Triangular
Planar Planar
γ -phase ⊕– ABCABC Triangular A−B−C−A−B−C Triangular
Planar Planar
the reduction in the covalency of the bond between Ca and O should be very small in calcite–
CaCO3. The K–O bond in γ -KNO3, however, should become more ionic with the difference
between the character of the bonds in calcite–CaCO3 and γ -KNO3, remaining independent as to
whether they are at their DFT relaxed positions or experimentally observed positions. Although
these charge densities are low and the chemical bond should be considered as primarily ionic,
one can say that compared to the γ -phase, the calcite structure has a bond between the cation
and the group that is less ionic because more charge is built up at the centre of the bond. This
result may actually be because of the closer distance between the cation and the O atom in
calcite structures.
The spontaneous polarization in the ferroelectric γ -phase KNO3 was found [9] to be due
to the movement of the NO3 group parallel to the c-axis, which is related to a 60◦ rotation of
the group. The possibility of this rotation depends very much on the crystal structure in terms
of the stacking of the cations and the groups along the direction of the rotation. In table 8, the
stacking sequence of cations and groups along the direction (c-axis of the crystal structures)
that is parallel to the normal axis of the group are summarized. In terms of the stacking of
the cation and the group, the calcite and γ -phase are the same, achieved by one alternating
sequence; while in the aragonite structure two group layers (displaced relative to each other
in the b-direction) are sandwiched between two cation layers. In the stacking sequence of
cations, they form a perfect planar triangular network in the calcite and γ -phases, whereas in
aragonite it is very slightly non-planar and irregular by an amount of approximately 1◦. In
terms of group stacking, the aragonite structure differs significantly from the other structures,
such that it forms a rectangular network. The calcite and γ -phase groups, however, form a
triangular network with ABC type of stacking similar to face centred cubic structures. The only
difference between the calcite and γ -phase structure is the rotation of the groups as they are
stacked in between the cation layers. In the calcite structure, groups are rotated by 60◦ around
their normal axis, whereas in the γ -phase there is no such rotation. In figure 12, the orientations
of the groups in between two hexagonal cation layers are given for the (a) calcite and (b)
γ -phase structures. It can be seen that the orientation of the groups between the cation layers
differs as well. In the γ -phase structure, groups are aligned in such a way that the projection
of the oxygen branches of the group onto the underlying cation layer points to the centre of the
cation–cation bond. With respect to this orientation, the group in the calcite structure is rotated
by 30◦ clockwise making the O–cation bond distance shorter, which may be a consequence of
slight covalency of the bond in the calcite structure. It should also be noted that the group in the
calcite structure is halfway between the cation layers, while in the γ -phase the group is closer
to the cation layer underneath.
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Figure 12. Top views of (a) calcite and (b) γ -phase structures showing the orientation of groups
within hexagonal cation layers. The cross-hatched and open circles represent the cations that are
located below and above the layer of the group, respectively.
Table 9. High frequency dielectric constants for CaCO3 and KNO3 in aragonite, calcite and
γ -phase structures. Experimental values from [51] were given in parentheses.
Phase CaCO3 (ε∞xx , ε∞yy , ε∞zz ) KNO3 (ε∞xx , ε∞yy , ε∞zz )
Aragonite 2.958, 2.992, 2.396 2.224, 2.247, 1.754
(2.841, 2.826, 2.340) (2.277, 2.265, 1.774)
Calcite 2.708, 2.708, 2.132 2.252, 2.252, 1.695
(2.749, 2.749, 2.208)
γ -phase 2.950, 2.950, 2.295 2.459, 2.459, 1.803
5. Polarization calculations
For a material to be considered a ferroelectric it has to be a piezoelectric with two or more stable
polarization states in the absence of an electric field; further, these states should be switchable
by an applied electric field (spontaneous polarization). Several physical properties of the
high symmetry phase: polarizability, dielectric constant, band gap, BECs [47], the splitting
between the frequencies of the longitudinal optical and transverse optical phonons (LO–
TO splitting) [48], etc, were correlated to ferroelectric phenomena and employed to predict
whether a particular structure will distort spontaneously from this high symmetry paraelectric
phase to yield ferroelectric behaviour. In this regard, we calculated, in the ABINIT relaxed
structures, the high frequency (electronic) dielectric constants ε∞ and BECs, Z∗, which are
given in tables 9–12. While the calculated ε∞ values are much lower than that of rocksalt
chalcogenides [49], semiconductors, or perovskite oxides [50], there is a good agreement
between the experimental values determined using the available index of refraction [51] of
KNO3 and CaCO3 and the calculations (table 9). We also note that the dielectric constant for
both compounds in all probable crystal structures is negatively uniaxial such that ε∞zz /ε∞xx < 1
as is the case for the ferroelectric phases of BaTiO3 [50] and KNbO3 [52].
The Born effective charge (BEC) concept is often interpreted as an indicator of ferroelectric
instability; a large BEC gives rise to strong long-range ionic interactions that favour the
ferroelectric instability [45]. The definition of BEC is the mixed second derivative of total
energy with respect to electric field and atomic displacement. However, it is commonly
regarded either as the derivative of the polarization with respect to atomic displacement at zero
macroscopic field, or as the derivative of the force on an atom with respect to the macroscopic
field at zero atomic displacement. Therefore, it is a dynamic quantity that can strongly be
influenced by dynamic charges of orbital hybridization induced by atomic displacements.
Consequently, it can take on anomalously large values [53], compared to static ionic charges
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Table 10. Calculated Born effective charge (BEC) of the atoms in CaCO3 and KNO3 in the
aragonite structure. The BEC of the same elements in the unit cell have identical amplitude except
some sign change indicated by a ± sign. Three oxygen BEC correspond to the oxygen ions in the








































Table 11. Calculated BEC of the atoms in CaCO3 and KNO3 in the calcite structure. The BEC of
the same elements in the unit cell have identical amplitude except some sign change indicated by a








































where this has been irrefutably attributed to partial covalence in the given material [54]. In this
regard, an anomalously large BEC can arise either because of a tendency to ferroelectric
distortion that necessitates a large stabilization in energy due to small atomic displacements,
or because of increased sensitivity of the wavefunctions to an electric field due to decreased
ionicity [49].
The calculated BEC in Cartesian coordinates for the atoms of both compounds in the
aragonite, calcite, and γ -phase structures are given in tables 10–12, respectively. Here, the
z-axis is along the normal direction of the carbonate or nitrate groups where a ferroelectric
switching is anticipated. We observe that BEC of cations (Ca or K) for all compounds in all
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Table 13. Eigenvalues of the Born effective tensor for the oxygen atoms in the carbonate or nitrate
group.
Phase CaCO3 (E1, E2, E3) KNO3 (E1, E2, E3)
Aragonite −2.263,−1.170,−0.921 −1.634,−0.567,−0.446
Calcite −2.498,−1.218,−0.793 −1.891,−0.705,−0.394
γ -phase −2.389,−1.263,−0.841 −1.900,−0.705,−0.408
structures are nearly isotropic and although for Ca it is somewhat larger, especially along the
directions normal to the switching axis, the diagonal elements have a value close to the nominal
charge of the corresponding atom. Secondly, only for the γ -phase structure, the non-diagonal
elements are all zero for the cations. For the calcite structure, however, there is considerable
non-diagonal effective charge, which may be an indication of some hybridization between the
cation and the oxygen orbitals. The effective charges of the group atoms depend strongly
on the hybridization of orbitals within the group and are found to be very anisotropic, as
may be expected. Contrary to the anomalously large effective charges reported in transition
metals containing ferroelectric oxides [48, 52, 53, 55], in all structures and compounds studied,
including ferroelectric KNO3, we find the BEC of group atoms to be smaller than their nominal
charge. The giant BECs in the above-mentioned oxides are found to occur along the metal–
oxygen bonds and are very sensitive to bond distance, which can be attributed to strong covalent
interactions between transition metal and oxygen atoms.
The BEC of central atoms in the group is smaller from the nominal charge (C4+, N5+) at
least by 23% for C and 44% for N. In addition, there is almost an order of magnitude difference
in the effective charges of C/N atoms within the plane and normal to the plane of the group,
the latter being smaller. The same observation applies to O atoms as well, such that BEC along
the switching direction is very small compared to BEC along directions within the plane of the
group. All observations of these calculations, agree with the experimental findings reported in
the literature for calcite–CaCO3 and aragonite–KNO3 [56].
Inspection of the eigenvalues given in table 13 and the eigenvectors of the effective charge
tensor for the O atoms within the groups clearly reveals the anisotropy. It can be seen that
the compound basis eigenvalues are quite similar to each other irrespective of the structure,
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Figure 13. Eigenvector plots for the oxygen atoms within the group for (a) aragonite–CaCO3,
(b) calcite–CaCO3 and (c) γ -phase KNO3. The black circle represents the centre atom, carbon or
nitrogen, and the grey circles represent the oxygen atoms in the carbonate or nitrate group.
except the third eigenvalue in the aragonite structure, which corresponds to the eigenvector that
is approximately normal to the group plane. It is such that the third eigenvalue in the aragonite
structure for both compounds is larger than the corresponding value in other structures relative
to the largest eigenvalue in that structure. Moreover, all three eigenvalues are considerably
larger in all structures of CaCO3 than in KNO3. The associated eigenvectors clarify this picture
further. In figure 13, the plots of the eigenvectors for the O atoms within the group were
given for aragonite–CaCO3, calcite–CaCO3 and γ -phase KNO3. It can be clearly seen that
in all cases the largest eigenvector is along the bond between O and either C or N atom that
is at the centre of the group and the second largest vector is perpendicular to the first one,
the two being coplanar with the plane of the group in the γ -phase structure only. In other
structures, the plane formed by the two largest eigenvectors is non-coplanar, indicating that an
out-of-plane covalent hybridization between the group atoms (mostly O) and the cations has
occurred.
Finally, we compute the energy variation of all the structures in both compounds with
respect to polarization from which various properties can be derived. The ferroelectric
instability, if it exists, can be identified from E(P), where E is the energy variation with respect
to polarization P, with the occurrence of a more stable configuration at non-zero polarizations.
As was stated earlier [9], for the γ -phase of KNO3, the change of polarization from negative
to positive was found to be due to the movement of the NO3 group of atoms parallel to the c-
axis, accompanied by a 60◦ rotation of this group in their plane. There is a similar mechanism
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Figure 14. Energy versus polarization curves for CaCO3 and KNO3 in (a) aragonite, (b) calcite and
(c) γ -phase structures.
for polarization in the case of calcite structure, where the movement of the carbonate group
along the c-axis is accompanied by the rotation of it. This time, however, the groups lying
below and above the cation layer along the c-axis rotate clockwise and counter-clockwise,
respectively, about their normal axis, while they move up and down with an increase in the
bond length between O and the C/N atoms. Lastly, in the aragonite structure there is the up and
down movement of the group layer as a whole without any individual rotation of the groups.
In figure 14, the crystal energy versus polarization maps are given for aragonite, calcite and
γ -phase compounds, where in the calculations the lattice volume was set constant.
As can be seen from figure 13(c), only for the γ -phase structure is a double-well potential
behaviour predicted; the main characteristic of ferroelectricity. In other structures of CaCO3
and KNO3 (aragonite and calcite) rotation and/or the motion of the groups do not yield any
stable configuration at non-zero polarizations. The spontaneous polarization, the difference
in polarizations between the configurations under zero electric field (non-polar state) and
at the polarized state giving the lowest energy, was calculated for the γ -phase KNO3 as
16.6 μC cm−2, which is very close to the value calculated by Dieguez and Vanderbilt [9].
Similarly, the calculated spontaneous polarization for γ -phase CaCO3 is 30.6 μC cm−2; almost
twice as much as the spontaneous polarization in γ -phase KNO3. Furthermore, the differences
in energies between the polarized and non-polar state, i.e. the depth of the well in the E(P)
curves are found to be 18.8 mHa and 9.8 mHa for KNO3 and CaCO3, respectively.
The γ -phase should be ferroelectric as it appears possible to switch it from one polarization
state to the other by applying an electric field that will overcome the energy barrier between the
states with opposite polarization. Therefore, the energy barrier or the well-depth in the poten-
tial, in a manner, characterizes the coercive field in the hysteretic behaviour of the ferroelectric.
Our results show that polarization switching in CaCO3 should occur at a much lower applied
electric field compared to KNO3. We note that while the γ -phase of CaCO3 is unstable and the
calculated spontaneous polarizations may vary considerably since the theoretically found unit
cell volumes (at least for the existing γ -phase KNO3) may be smaller than the experimental
values, its existence would be consistent with the existence of metastable KNO3.
6. Conclusions
In this study, we comparatively investigated the structural stability, electronic structure,
bonding, and ferroelectric properties of CaCO3 and KNO3 compounds using first-principles
DFT calculations. The calcite phase of CaCO3 was found to be the ground state in this
compound in agreement with experimental observations, whereas an aragonite structure,
similar to that of KNO3 was found to be slightly unstable, because of the large relaxation
of the loosely packed crystal structures in DFT calculations. An electronic structure and orbital
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hybridization analyses of the constituent atoms reveal that the N–O bond in the nitrate group
is more covalent than the C–O bond in the carbonate, probably making the N–O bond length
be slightly shorter than the C–O bond. Furthermore, the nitrate or the carbonate groups in
the γ -phase were found to be almost in purely ionic interaction with the cations forming a
layer of triangular networks above and below the groups. In calcite and aragonite structures,
however, the Mulliken population analysis, charge density distribution plots, and the Born
effective charge tensors reveal that there is some covalency between the O atoms of the groups
and the cations. In the calcite structure, this causes the groups to align themselves between the
layers of cations in such a way that each O in the group is attached to a cation from above and
below with equal distance bonds in opposite directions that balance each other. This directional
picture of bonding of the group to the surroundings makes the group locate itself just at the half
distance between these layers. Any applied electric field that causes the rotation and/or the
vertical motion of the group breaks the high symmetry configuration with an increased energy
of the crystal, thus resulting in non-switching (non-ferroelectric) behaviour.
The spontaneous polarization in γ -phase KNO3 and CaCO3 were calculated to be 16.6 and
30.6 μC cm−2, respectively, where in the latter system, switching seems to be achieved easily
with a lower coercive field; however for neither of these compounds is this crystal structure
stable. γ -phase KNO3 is metastable and ferroelectricity can be induced in thin films via
internal stresses, but to date ferroelectricity in CaCO3 has never been observed. Consistent
with KNO3, the calcite and aragonite forms of CaCO3 will not exhibit ferroelectric behaviour.
It is conjectured that γ -phase CaCO3 can be made through the addition of dopants and internal
stresses (as has been done with KNO3) such that the carbonate groups become more compact
and/or the cage formed by the Ca ions becomes larger. In this way, the covalent interaction can
be avoided between the carbonate groups and the cations which makes the group locate itself
exactly halfway between the cation layers. This covalent interaction may actually be the reason
why the calcite structure is preferred over the γ -phase structure in CaCO3.
There may be several ways to lessen this covalent interaction; one way may be the
substitution of Ca with larger ions to increase the size of the cage, towards stabilizing the
aragonite structure over the calcite structure as carbonates of Ba and Sr that are larger than
Ca and are of aragonite type [57]. This may assist in the transition to the γ -phase, since the
ground state of KNO3 is aragonite; a precursor to the ferroelectric γ -phase. In KNO3, if K
is replaced with a smaller ion such as Na, then from the above understanding one may expect
the nitrate to go towards a calcitic structure, which is actually the case for pure LiNO3 and
NaNO3. Substitution of C may help as well, resulting in stronger covalent bonds between O
so that the bond length decreases. Finally, another way to achieve a carbonate γ -phase would
be to constrain the calcite lattice, preferably by putting the basal plane of the hexagonal calcite
in tension in epitaxial growth of thin films of CaCO3. Experiments are currently underway to
substantiate these conjectures.
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